Renal transplantation (RT) is the best modality of renal replacement therapy as it offers survival and quality of life benefit over dialysis in patients with end-stage renal disease. Evolution of stronger and potent immunosuppressive agents and diagnostic techniques dramatically decreased the incidence of acute rejections in the past few decades, but the negative impact on graft survival persisted. Despite therapy, rejection episodes have a negative impact on both short-and long-term graft survivals. These are a major predictor of interstitial fibrosis/tubular atrophy (IF/TA), formerly called chronic allograft nephropathy, which is responsible for most of the death-censored graft loss over long term. Recent studies suggest that antibody-mediated injury, which is not controlled by the currently used immunosuppressive agents, plays an important role in long-term graft loss. Optimizing immunosuppression to both prevent rejection and minimize drug toxicity remains a challenge. In this review, we have briefly summarized newer advances in the field of transplant immunology with reference to renal allograft dysfunction.
1 year after RT. Risk factors for the development of rejection include the presence of donor-specific antibodies (DSAs), HLA mismatches, pediatric recipient, elderly donor, AfricanAmerican ethnicity, blood group incompatibility, prolonged cold ischemia time, delayed graft function, medication nonadherence and prior sensitization identified with high panel reactive antibody (PRA), prior transplant, multiple pregnancies, and blood transfusions.
There are two principal histologic forms of rejection: T-cell-mediated (cellular) rejection (TCMR) and antibody-mediated rejection (ABMR). ABMR and TCMR may coexist at the same time in the allograft. Subclinical rejection is defined as the presence of acute rejection on biopsy, without graft dysfunction. It is primarily detected by a protocol or surveillance biopsy. It usually involves a form of TCMR, though subclinical ABMR can also occur.
Most patients with acute rejection are asymptomatic; diagnosis is suggested only by an increase in the serum creatinine, worsening of hypertension or proteinuria and it is confirmed by allograft biopsy. However, occasionally, patients present with fever, malaise, oliguria, and graft pain and/or tenderness. A rising serum creatinine level, however, is a relatively late phenomenon and usually indicates the presence of significant histologic damage. Biopsy accurately grades the severity of rejection, differentiate between TCMR and ABMR, and determine the degree of irreversible kidney damage (IF/TA). The outcome of rejection depends on several factors such as the timing of rejection, severity, and number of acute rejections, and degree of recovery after treatment.
pAthOlOgy Of RenAl AllOgRAft RejectiOn
Till the early 1990s, there was considerable heterogeneity among pathologists in the characterization of renal allograft biopsies. Hence, it was felt that standardization of allograft pathology was necessary to allow comparisons of the efficacy of different therapies and to help guide treatment. Initial classification systems that have been introduced include the Banff classification and the Cooperative Clinical Trials in Transplantation (CCTT) classification. [2] The Banff classification represented the first attempt to formulate an international, consensus-based and structured classification system for the diagnosis and categorization of renal allograft pathology. In this regard, the first Banff meeting was held at Banff, Alberta, Canada in 1991 and the first publication appeared in 1993 (Banff '93). [3] Subsequent follow-up meetings have taken place every 2 years, and the Banff schema has undergone considerable evolution over the past 25 years [ Table 1 ]. The Banff '93 and the CCTT systems were both incorporated into the Banff '97 classification. [4] Banff has introduced a numerical grading system for each of the renal compartments-interstitium (i), tubules (t), vessels (v), and glomeruli (g).
Hyperacute rejection (HAR) occurs immediately after transplant. It is mediated by high titer of preformed anti-donor antibodies: anti-HLA, anti-ABO, or other non-HLA antibodies. It results in an irreversible vascular rejection, intravascular thrombosis, and graft necrosis; and graft nephrectomy is usually indicated. Accelerated acute rejection (AAR) can occur within 24 h to several days after transplant. It represents an anamnestic response by memory B and plasma cells from prior sensitization. These types of rejections are rarely seen now due to better pretransplant immunologic evaluation. The borderline rejection was defined by inflammation in 10%-25% of the interstitium (i1) with mild tubulitis (t1, 1-4 mononuclear cells/tubular cross section). This might be considered as "very mild acute rejection," without clear clinical significance.
The presence of linear staining for C4d, a degradation product of the complement pathway that binds covalently to the endothelium, is highly suggestive of ABMR. C4d serves as an immunologic footprint of complement activation and ABMR. Some patients have morphologic evidence of ABMR and a positive DSA with little or no C4d staining. The concept of C4d-negative ABMR was introduced in a retrospective study of 1036 allograft biopsies from 1320 RT recipients (RTRs); only 36% of cases with transplant glomerulopathy (TG) had C4d-positive staining, despite the presence of DSAs in 73% of cases. [5] Additional evidence for C4d-negative ABMR came from a molecular study in which gene expression microarrays were performed in 173 indication biopsies to examine endothelial activation and injury transcripts (ENDATs). High expression of ENDATs correlated with histologic lesions of ABMR but not TCMR. Among renal allografts with high ENDATs, positive DSA and morphologic evidence of chronic ABMR, 60% were C4d-negative. [6] In C4d-negative ABMR, DSA binding to endothelial cells may cause injury through complement independent mechanisms-the innate immune cells such as neutrophils, macrophages, and natural killer cells can bind to Fc fragments of DSAs, trigger degranulation, and release lytic enzymes, which cause tissue injury and cell death (antibody-dependent cell cytotoxicity); DSAs can also cause graft injury by direct activation of endothelial proliferation through increased vascular endothelial growth factor production, upregulating fibroblast growth factor receptor, and increasing its ligand binding as well as other signaling pathways for cellular recruitment. Diagnostic criteria for C4d-negative ABMR were incorporated into the 2013 Banff update. [7, 8] Patients with the first two criteria for the diagnosis of ABMR, but no evidence of DSAs is typically managed as patients with ABMR. It was agreed that C4d staining in at least 10% of peritubular capillaries (C4d2 or C4d3) by IF on frozen sections or in any peritubular capillaries by immunoperoxidase on paraffin sections (C4d score >0) should be regarded as sufficient for the diagnosis of ABMR in the presence of tissue injury, regardless of whether detectable DSAs are present. [9] Cases in which C4d staining is positive, but DSA cannot be detected may result from DSA being below the level of detection due to immunoadsorption by the graft or it can also be due to the presence of non-HLA antibodies. [7] Acute/active ABMR:
All three features must be present for diagnosis 1. This issue has been, particularly discussed in the 2017 Banff conference. [10] Although molecular diagnostics were first introduced into the Banff classification in 2013, recent 2017 Banff has recommended indications for the use of these tests in renal allograft biopsy diagnosis [ Table 2 ]. Hidalgo et al. introduced DSA-specific transcript set (DSAST) of messenger RNA (mRNA) differentially expressed in biopsy specimens and showed DSASTs to be more of a marker for ABMR than for the presence of DSAs. [11] Loupy et al. showed that adding the results of the ABMR classifier to histologic findings significantly improved their ability to diagnose ABMR, independently from C4d and DSA. [12] DSASTs, ABMR classifier, and TCMR classifier may help in the diagnosis of rejection in atypical cases.
The inflammation in areas of IF/TA (i-IFTA) is the morphologic correlate of active injury and predicts disease progression. The impact of i-IFTA on graft outcomes was first suggested by the finding of Mengel et al. that total cortical inflammation (Banff ti score) was more predictive of graft loss than inflammation in nonsclerotic areas of cortex (Banff i score). [13] The long-term deterioration of kidney allograft function study also showed a strong association between the severity of i-IFTA and graft loss, far stronger than that of IFTA alone. [14] humAn leukOcyte Antigen And epitOpe mAtching
The major histocompatibility complex (MHC) encodes both HLA class I and HLA class II antigens. HLA class 1 antigens (A, B, and C) are expressed on all nucleated cells; the epitopes reside only in the polymorphic α-chain. HLA class 2 antigens (DR, DQ, and DP) are normally restricted to antigen-presenting cells (dendritic cells, B cells, and macrophages), but they can be upregulated and expressed after inflammatory insults, such as ischemia-reperfusion injury, infection, and rejection. Each class 2 antigen consists of one α-chain and one β-chain, and both chains are polymorphic.
The importance of HLA matching is well known. The degree of HLA mismatch influences long-term graft survival and risk of rejection. The newer concept is epitope matching. During antigen-antibody binding, the DSA binds to a limited area of the HLA molecule comprising a 15-25 amino acid sequence. This specific binding area of the HLA is called an "epitope." While some of these epitopes are unique to a single HLA (private epitopes), others are shared among numerous antigens (public epitopes). Using epitopes as the focus in HLA typing allows more precision compared to the traditional HLA molecule-based matching. Epitope-based matching has been shown to be more predictive of crossmatch (XM) results and subsequent graft outcome compared to HLA molecule matching. [15] Use of epitopes and eplets may also help in determining permissible mismatches.
cROssmAtch testing
XM testing of potential renal donors against potential RTRs has been performed for over 45 years and is a mandatory component of the pretransplant workup. XM test was developed in an attempt to identify recipients who are likely to develop acute vascular rejection of a graft from a given donor. Since the first demonstration by Patel and Terasaki that performed HLA-DSA in RTRs caused HAR, there has been an imperative to test all potential recipients prospectively for HLA antibodies to avoid transplanting incompatible grafts. In their seminal work, they described the outcomes of 30 such transplants; 24 patients lost their grafts immediately to HAR while another three lost their grafts within 3 months. [16] Preformed antibodies cause rejection by binding to HLA antigens expressed on the endothelium of vessels in the transplanted kidney, resulting in activation of the complement cascade with resultant thrombosis and infarction of the graft. Almost a third of patients who are waitlisted for RT may have a degree of anti-HLA antibodies detected. Many modifications in the XM testing have been evolved with focus on increasing the sensitivity and specificity of the test to identify DSA in a particular recipient. These tests are either cell-based assays or solid phase immunoassays (SPI). Although the single-antigen bead (SAB) assay has very high sensitivity for antibody detection, the complement-dependent cytotoxicity XM (CDC-XM) still remains the gold standard test for the detection of preformed antibodies before RT. [17] Different types of commonly used tests are briefly summarized below.
cOmplement-dependent cytOtOxicity cROssmAtch
CDC-XM was pioneered by Terasaki et al. in the 1960s. If DSA is present and binds to donor cells, the complement cascade will be activated through the classical pathway resulting in lysis of the lymphocytes. The proportion of lysed cells is assessed, and the XM is graded. DSAs that are not complement-fixing can give false-negative result. An auto-XM or a repeat assay with dithiothreitol (DTT) is useful to identify false-positive assays. The addition of antihuman globulin enhances the sensitivity of the assay by cross-linking the antibodies.
flOw cytOmetRy cROssmAtch
Flow cytometry XM (FC-XM) involves adding recipient serum to donor lymphocytes and then incubating them with fluorescein-labeled antibodies against human immunoglobulin G (IgG). The strength of the fluorescence can be measured and expressed as "channel shifts" above the control sample. FC-XM is more sensitive for detecting DSA compared with CDC-XM. FC-XM detects DSA independent of complement fixation. Positive FC-XM with negative CDC-XM is likely to be caused by a noncomplement fixing antibody or a low-level antibody.
luminex And viRtuAl cROssmAtch
The Luminex technology consists of a series of polystyrene microspheres (beads) coated with HLA antigens and containing fluorochromes of differing intensity embedded within the bead. Recipient serum potentially containing anti-HLA antibodies is added to a mixture of synthetic beads. Beads may be coated with multiple HLA antigens (screening beads) or a single-HLA antigen (SAB assay) for defining the specificity of antibodies more precisely. Positive results can then be graded semiquantitatively on the basis of the degree of fluorescence of the positive bead (MFI and mean fluorescence index).
[18] SAB detects only anti-HLA DSA and not the nonanti-HLA DSA. It may have a "gray zone" for MFI up to 4000 with a sensitivity of 54% and a specificity of 100%. [19] It may fail to detect anti-Cw and anti-DP/DQ antibodies and have a lower sensitivity for anti-A and B Class-1 antibodies. [20] False positive or high titers may be reported due to the presence of antibodies to denatured HLA molecules. DSAs targeting one of the shared epitopes may be diluted across the beads. False negative or low titers can also occur in the presence of inhibitors or "prozone effect."
Table 2: The key elements of the 2017 Banff Conference
Clinical implications of i-IFTA and its relationship to TCMR Continued evolution and recommendations for the use of molecular diagnostics, particularly in the diagnosis of ABMR Removal of the term "acute" from "acute/active" ABMR Updated criteria for the diagnosis of active and chronic active ABMR Alternatives to the DSA criterion in ABMR diagnosis Recognize C4d and molecular classifiers as surrogate markers for DSA IF/TA: Interstitial fibrosis/tubular atrophy, TCMR: T-cell-mediated rejection, ABMR: Antibody-mediated rejection, DSA: Donor-specific antibodies, i-IFTA: Inflammation in areas of IFTA Studies suggested that serum titration studies, freeze/thaw cycles, heat inactivation, DTT or ethylenediaminetetraacetic acid treatment may resolve "prozone."
Virtual XM (VXM) refers to the comparison of the anti-HLA antibodies of the recipient as defined by Luminex, with the HLA of the donor. In VXM, both donor HLA typing and SAB assay are utilized together. It is not precisely an XM in the sense of mixing serum and lymphocytes. A patient will not be offered a kidney from the deceased donor who expresses an unacceptable HLA antigen (positive VXM).
pAnel ReActive AntibOdy
In the PRA test, the recipient's serum is tested for antibodies against a panel of lymphocytes from approximately 100 blood donors from the local population. It estimates the likelihood of positive XM to potential donors and is extremely useful in providing information about the sensitization of a recipient. PRA is done similar to cell-based assays of XM and the antigen specificity of antibodies is not known. With PRA that identifies several antibodies to a potential cluster of donors, the XM will identify if a recipient had antibodies to a specific donor of interest.
cAlculAted pAnel ReActive AntibOdy
This is similar to SPI (VXM) and the test is performed against a fixed panel of HLA antigens from the past organ donors, to determine the antigen specificity against which an individual produces antibody. These antigens are called unacceptable antigens. It is reported as the percentage PRA. The calculated PRA is calculated separately for Class I HLA and Class II HLA antigens.
dOnOR-specific AntibOdies
The presence of DSAs in patients with renal allograft dysfunction can provide significant diagnostic and prognostic information. The ability to detect DSAs and diagnose ABMR has improved markedly with the addition of flow cytometric analysis and SPI such as Luminex (SAB assay) to standard cytotoxicity assays.
humAn leukOcyte Antigen-dOnOR-specific AntibOdy by luminex Donor lysate-based solid phase XM (SPC) on the Luminex platform can be used for detecting DSA. This test uses donor lysate and identifies anti-HLA antibodies for class I and class II and their titers, but fails to give the HLA specificities. The beads conjugated with monoclonal antibodies which are identification for HLA class-I and class-II are mixed with donor lysate and then with recipient serum to identify the DSA. The SAB assay is more sensitive and specific than the lysate based SPC assay. A study reported that the sensitivity of SPC was 89% for Class I and 68% for Class II antibodies. [21] A recent study showed SPC on the Luminex platform can detect class I antibodies with MFI of 2300 or more and detect Class II antibodies with MFI of 1300 or more as in the SAB assay technique. [20] Hence, SPC can be used as a screening test for HLA-DSA using donor lymphocytes.
Preformed DSAs (predominantly against HLA Class 1 and complement-fixing IgG1 or IgG3) in sensitized patients can trigger HAR, AAR, and early active ABMR. De novo DSAs (predominantly directed to HLA Class 2 and noncomplement binding IgG2 or IgG4) are associated with late active ABMR, chronic ABMR, and TG. Posttransplant screening for the development of DSAs may also permit the early detection of active ABMR and allograft dysfunction, particularly in high-risk patients. [22] The complement activation contributes to allograft damage in most cases of ABMR; there are SPI assays that have been modified to detect complement-binding antibodies.
c1q, c3d And c4d-binding AssAys
The C1q-assay is a newer modification to the Luminex-based test. SAB assay may detect both complement dependent and noncomplement dependent antibodies. The clinical significance of such DSA detected on Luminex in the presence of a negative CDC-XM remains inconclusive. This resulted in the search for a test that is both sensitive to detect low titer DSA and specific to identify complement fixing ability that is considered crucial in antibody-mediated graft injury. The C1q-assay is designed to selectively identify only the DSA that bind C1q and thereby activate the complement pathway, with the same degree of sensitivity as the original Luminex test but with enhanced specificity for complement fixing. Patients with C1q-binding HLA DSAs also had inferior 5-year graft survival compared with patients with non-C1q-binding DSAs. Patients with non-C1q-binding HLA DSAs had lower graft survival and worse histologic features than those without DSAs. [23] This may be of therapeutic importance also. Complement inhibitors may be considered as part of treatment for rejection mediated by C1q-binding DSA, and they are unlikely to be beneficial in treating rejection caused by C1q-nonbinding DSA.
The presence of C3d-binding DSAs at the time of ABMR is a strong independent predictor of allograft loss as concluded in a recent study. [24] The authors have observed C3d-binding is a more sensitive marker than C1q-assay. C3d-and C1q-binding assays analyze different steps of the classic complement pathway. The complement system indeed activates through a triggered-enzyme cascade, in which the activation of a small number of complement proteins at the start is hugely amplified by each successive enzymatic reaction. C1q is the first component of the classical complement pathway, and it is, therefore, not surprising that a C1q-binding assay would exhibit a lower sensitivity than a C3d-binding assay. Another possible explanation could lie in the regulatory mechanisms preventing uncontrolled amplification of the complement cascade. By limiting C3 convertase formation even when substantial amounts of C1q bind to antibodies, they could reduce the specificity of a C1q-binding assay. In contrast, the presence of C3d on DSA proves the efficient cleavage of C3 and is, therefore, more closely related to the pathogenic processes damaging the graft. In one study, preformed DSAs able to bind C4d were reported to predict ABMR and graft loss, though the XM was negative before transplant. [25] immunOglObulin g subclAss Of humAn leukOcyte Antigen-dOnOR-specific AntibOdy Serum IgG molecules can be divided into four subclasses (IgG 1 -IgG 4 ) with varying capacity to activate complement and recruit effector cells through the Fc receptor (IgG 3 > IgG 1 > IgG 2 > IgG 4 ). Recent evidence showed that complement binding IgG3 subclass of DSA was more pathogenic and was associated with active ABMR, shorter time to rejection, increased microcirculation injury, and C4d deposition. Noncomplement binding IgG4 DSA was associated with subclinical or chronic ABMR, late allograft injury with increased TG and IF/TA lesions. [26] humAn leukOcyte Antigen-dq And humAn leukOcyte Antigen-dp AntibOdies HLA typing and matching in relation to transplant immunology mainly consider only antigens in HLA-A, B, and DR loci. However, the majority of de novo DSAs after RT are Class 2 antibodies, especially HLA-DQ. Thus, Class II HLA mismatches between donor and recipient are associated with the higher generation of DSAs in the posttransplant period.
Unlike Class I molecules, HLA Class II antigens are composed of two chains (α and β) encoded by two distinct genes (A and B). While the DQ and DP antigens have two (α and β) polymorphic chains, the α chain of HLA-DR is virtually nonpolymorphic and therefore does not contribute to differences between HLA-DR alleles. HLA-DQ antibodies are likely the most commonly developed de novo DSA after RT and recent evidence support strong correlation between the presence of donor-specific HLA-DQ antibodies and rejection. [27, 28] nOnhumAn leukOcyte Antigen AntibOdies Non-HLA antibodies comprise an evolving field in transplant immunology. Non-HLA DSA antibodies can also result in rejection and C4d deposition. In cases where there are no detectable DSAs but a biopsy specimen meeting criteria for ABMR [microvascular inflammation (MVI) score ≥1 and C4d-positive; MVI score ≥2 and C4d-negative], testing for non-HLA antibodies is strongly advised. These mainly include anti-angiotensin II type 1 receptor (anti-AT1R) antibodies, anti-endothelin-1 type A receptor (ETAR) antibodies and anti-endothelial cell antibodies (AECAs). [29] Four antigenic targets expressed on endothelial cells were identified in a recent study: endoglin, Fms-like tyrosine kinase-3 ligand (FLT3 ligand), EGF-like repeats and discoidin I-like domains 3 (EDIL3), and intercellular adhesion molecule 4 (ICAM4). [30] MHC1-related chains A and B (MICA and MICB) are minor histocompatibility molecules expressed on endothelial cells, and their antibodies can trigger ABMR. [31] H-Y antigens encoded by Y chromosome in male and may cause rejection in male-to-female transplant. Other non-HLA antibodies identified in few studies include antibodies against agrin, vimentin, type IV collagen, fibronectin, perlecan, Kα-tubulin, protein kinase Cζ, and glutathione S-transferase T1.
nOvel biOmARkeRs Of RejectiOn
Histologic evaluation of renal allograft remains the gold standard for the diagnosis of rejection. Its limitations include: it is an invasive procedure and not without complications; sampling errors may jeopardize their diagnostic utility; the procedures are costly and labor intensive. In addition, pathologists frequently vary in their interpretation of biopsy findings. There is a need for innovative, robust and ideally, noninvasive methods to predict and diagnose acute and chronic graft injury. The development of "omics" methods (e.g., genomics, transcriptomics, proteomics, metabolomics) in the field of RT has paved the way for the development of several candidate biomarkers. [32, 33] However, the specific role of these biomarkers is still not well established.
dOnOR-deRived cell-fRee dnA
Plasma level of donor-derived cell-free DNA (dd-cfDNA), which is released into the bloodstream by dead cells in the injured allograft, may be elevated in patients with acute rejection. In one study, plasma levels of dd-cfDNA were correlated with allograft rejection; hence, dd-cfDNA may serve as a noninvasive biomarker for the diagnosis of rejection. [34] kidney sOlid ORgAn RespOnse test
The kidney solid organ response test is a microarray-based assay that was developed to detect patients at high risk for acute rejection. The test, performed on a peripheral blood sample, employs quantitative polymerase chain reaction to measure the relative mRNA expression levels of 17 genes known to be associated with acute rejection or leukocyte trafficking. The assay was able to predict patients at high risk of acute rejection in a large multicenter study of RTR. [35] mOleculAR micROscOpe diAgnOstic system The Molecular Microscope Diagnostic System is a microarray-based system that analyzes mRNA expression patterns in transplant biopsy tissue and may be helpful in diagnosing TCMR, particularly in situations where histology is ambiguous or potentially misleading. [36] quAntificAtiOn Of micRORnAs In one recent study, the combined measurement of five microRNAs (miRNAs) (miR-15B, miR-16, miR-103A, miR-106A, and miR-107) in peripheral blood samples enhanced the sensitivity and specificity for the diagnosis of severe T-cell-mediated vascular rejection. [37] uRinARy cell messengeR RnA pROfiling Studies of urinary cell mRNA profiling identified several potential mRNAs (e.g., perforin, granzyme B, interferon [IFN] inducible protein-10 [IP-10], CD3), the levels of which predicted the diagnosis of acute TCMR. [38, 39] A three-gene signature of CD3-epsilon mRNA, IP-10 mRNA, and 18S ribosomal RNA (rRNA) was able to distinguish between renal biopsy specimens showing acute TCMR and those without rejection in a large, multicenter study of RTR. [38] uRinARy micRORnA pROfiling
In a study that profiled urinary miRNAs of stable RTR and those with acute TCMR, miR-10a, miR-10b, and miR-210 were strongly deregulated in the urine of patients with acute TCMR. [40] Combination of miRNA profiling of biopsy and urine samples could be used to monitor graft function and predict progression to chronic allograft dysfunction. Fifty-six miRNAs were identified as differentially expressed in biopsy samples with IF/TA; five of these (miR-142-3p, miR-204, miR-107, miR-211, and miR-32) were confirmed using an independent set of samples. Differential expression of miR-142-3p, miR-204, and miR-211 in the urine of patients with IF/TA was also observed. [41] 
uRinARy pROteins
Various proteins and peptides differentially expressed in patients with acute rejection have been identified, including fragments of collagens, beta-2-microglobulin, alpha-1-antichymotrypsin, and uromodulin. Elevated urinary levels of chemokine CXCL9 and CXCL10 have been associated with acute TCMR in few studies. [42] One study found that urinary concentration of chemokine CCL2, also known as monocyte chemoattractant protein 1 at 6 months posttransplant was a predictor of severe IF/ TA and graft dysfunction at 2 years posttransplant. [43] Urine mass spectrometry is also promising for the diagnosis of acute rejection and may allow for the diagnosis of subclinical rejection. [44] functiOnAl cell-bAsed immune mOnitORing Alloreactive memory T cells are central mediators of renal allograft rejection, and monitoring the activity of these cells may help to identify RTRs who are at risk for acute rejection. The IFN-gamma enzyme-linked immunospot assay, which measures IFN-gamma secretion by recipient T cells in response to donor antigens, has been used to assess anti-donor T-cell alloreactivity in vitro. [45] 
OtheR tests
Newer imaging modalities such as positron emission tomography coupled with computed tomography and magnetic resonance spectroscopy to assess high-energy phosphates metabolism may identify rejection episodes noninvasively.
cOnclusiOns
Renal allograft dysfunction is a complex process involving both immunological and nonimmunological processes including drug toxicity, distinguishing them is important in the management and graft salvage. Since the recognition of the association between preformed alloantibodies and HAR, our knowledge of transplant immunology has improved enormously. This, in turn, led to improved clinical outcomes of RT. Clinical phenotypes of rejection are determined by the complex characteristics of DSA like HLA class, specificity, strength, IgG subclass, complement binding capacity and cellular immune mechanisms. Although few novel assays are valuable in the research setting, it is not yet clear whether they will be of utility in the clinical setting. The ultimate goals are not only to improve our ability to predict graft outcomes but also to better guide therapy, leading to improved patient outcomes compared with the current standard of care.
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